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The activation of sperm motility by the egg is an ubiquitous phenomenon in the animal kingdom, but the molecules by which
the egg activates sperm motility have been clarified in only a few invertebrate species. In the Pacific herring, Clupea pallasii,
mature unfertilized eggs release the sperm-activating proteins which are prerequisite to successful fertilization. Complementary
DNA clones encoding herring sperm-activating proteins were isolated from a herring ovarian complementary DNA library and
amino acid sequences were deduced. The herring sperm-activating protein(s) is a secretory product(s) with a strong homology to
Kazal-type trypsin inhibitors, such as mammalian acrosin inhibitors. The sperm-activating proteins were globally distributed in
the outermost layer of the egg chorion and its gene was found to be expressed in the follicle cells which surround developing
oocytes. These results suggest that in the Pacific herring, trypsin inhibitor-like proteins are synthesized in the follicle cells,
secreted, accumulated in the egg chorion during oocyte development, and released into the milieu at spawning to activate the
motility of spermatozoa at the time of gamete interaction. © 1998 Academic Press
Key Words: fertilization; spermatozoa; activation; egg; chorion; fish; trypsin inhibitor; acrosin inhibitor.
INTRODUCTION
The activation of the sperm motility by the egg-derived
molecules is the first communication between gametes at
the time of fertilization. These phenomena are ubiquitous
in the animal kingdom (Miller, 1985; Ward and Kopf, 1993;
Tosti, 1994), but the molecules by which eggs activate the
spermatozoa and the underlying molecular mechanisms
have been clarified in only a few invertebrate species, such
as sea urchins (Ohtake, 1976; Hansbrough and Garbers,
1981; Suzuki, 1995) and starfish (Miller and Vogt, 1996;
Nishigaki et al., 1996). Sea urchin decapeptides such as
speract and other sperm-activating peptides (SAPs) have
been purified from egg jelly (Suzuki et al., 1981; Hans-
brough and Garbers, 1981) and the nature of their receptors
has been partially clarified (Dangott et al., 1989; Cardullo et
al., 1994). Recently, starfish SAPs were purified from egg
jelly and designated asterosaps (Nishigaki et al., 1996).
More than 70 SAPs with slight differences in amino acid
sequence have been purified in sea urchins (Suzuki, 1995),
suggesting that the SAPs of sea urchins are isoforms. This is
also the case in the asterosaps of starfish, where 12 peptides
have been isolated (Nishigaki et al., 1996). There is no
similarity between the amino acid sequences of SAPs of sea
urchins and asterosaps.
In the Pacific herring, Clupea pallasii, the swimming of
spermatozoa is initiated by hyperosmolality of seawater
when spawned into the milieu but the spermatozoa are
barely motile (Morisawa et al., 1992), and motility activa-
tion by egg is considered to be essential for the successful
fertilization (Yanagimachi and Kanoh, 1953; Yanagimachi,
1957). Recently, Morisawa et al. showed that the eggs of C.
pallasii release proteinaceaous sperm motility activation
factor into the surrounding seawater (Morisawa et al.,
1992). This has been purified from egg-conditioned seawa-
ter and designated as herring sperm-activating proteins
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(HSAPs) (Oda et al., 1995). Five species of purified HSAPs
were obtained with similar molecular masses (about 8 3
103), isoelectric points (pI’s) (4.8, 4.9, 5.0, 5.1, and 5.4),
almost equivalent sperm-activating capacity, and virtually
identical N-terminal amino acid sequences. This suggests
that the water-soluble HSAPs are isoforms.
A second activator of sperm motility has been reported in C.
pallasii and designated sperm-motility-initiating factor (SMIF)
(Yanagimachi et al., 1992; Pillai et al., 1993). The SMIF is a
glycoprotein with molecular weight of 105 kDa and is a
water-insoluble factor which binds to egg chorion so tightly
that the activation of spermatozoa is considered to occur
when spermatozoa contact the surface of the egg chorion.
Because the chemotaxis of spermatozoa to the micropylar
opening has been reported (Yanagimachi, 1957) and it was
demonstrated that the SMIF was localized in the vicinity of
the micropylar opening of egg, the SMIF could be a sperm-
guidance factor to micropylar opening in C. pallasii (Griffin et
al., 1996). The relationship, if any, between the HSAPs and the
SMIF is presently unknown.
Identification of the HSAPs is essential to understand
how the HSAPs activate the herring spermatozoa and to
determine whether the sperm-activating factors of fish are
related to those of echinoderms. In this study, complemen-
tary DNA (cDNA) clones of the HSAP were isolated from
the ovarian cDNA library of C. pallasii and the amino acid
sequence of one HSAP was determined. The localization of
the HSAPs in maturing oocytes and mature eggs and the
cell expressing the HSAPs genes were then investigated
using immunohistochemistry and in situ hybridization.
The HSAPs are trypsin inhibitor-like proteins which are
synthesized in follicle cells and then transferred to the
outermost layer of egg chorion.
MATERIALS AND METHODS
Amino Acid Sequencing and cDNA Cloning
One of the 5 HSAPs (HSAP of pI 5.1) was purified as reported
previously (Oda et al., 1995) and electroblotted onto PVDF mem-
brane (ProBlott, Applied Biosystems) after Immobiline (Pharmacia)
isoelectric focusing and then subjected to amino acid sequencing
with a gas-phase peptide sequencer (Model 473A, Applied Biosys-
tems) and 40 amino acid residues at N-terminal portion were
determined to be RSVQRIGIDXQGYGSAXTKEYRPIXGSDDVT-
YENEXLFXA. Five amino acid residues were not determined and
are presented as X. These 5 undefined residues were assumed to be
cysteines because of the similarity of the amino acid sequences of
the HSAPs and the Kazal-type trypsin inhibitors (see Fig. 2). The
nucleotide sequence (114 bases) corresponding to the 38 amino acid
residues at the N-terminus was predicted from the mammalian
codon usage (Wada et al., 1992) and two 61-mer oligonucleotides
with complementary 39-ends (probe 1, CGCTCTGTGCAGCGCA-
TTGGCATTGACTGCCAGGGCTATGGCTCTGCCTGCACC-
AAGGAGT; probe 2, GAACAGGCACTCGTTCTCATAGGTCA-
CATCATCAGAGCCACAGATGGGGCGGTACTC CTTG) were
synthesized with a DNA synthesizer (Cyclone, Biosearch), com-
bined in equal molar amounts and extended with Klenow fragment
of DNA polymerase I (Amersham) in the presence of [32P] deoxy-
CTP to be labeled. A lt22A (Stratagene) cDNA library constructed
from poly(A) RNA purified from a herring immature ovary obtained
2 months before their spawning season (a gift from Akkeshi Station
of the Japan Sea Farming Association) was screened with the
synthesized probe by plaque hybridization performed at 42°C.
Insert cDNAs of isolated positive clones were subcloned into the
SalI/Not I site of pBluescript II (SK2) (Stratagene) and sequenced by
the dye–primer cycle sequencing method with a DNA sequencer
(Model 373A, Applied Biosystems). Database search was performed
by BLAST algorithm against SWISS-PROT.
Production of Antibodies
To obtain monoclonal antibodies against HSAPs, mice (male
BALB/c, 8 weeks old) were immunized intraperitoneally with
nondenatured HSAP of pI 5.1 (10 mg for each mouse) which was
purified by Immobiline isoelectric focusing (Oda et al., 1995),
blotted onto nitrocellulose membranes, homogenized by sonica-
tion in phosphate-buffered saline buffer (PBS), and emulsified with
Freund’s complete adjuvant for the initial immunization. The
subsequent immunizations were made in Freund’s incomplete
adjuvant three to four times every 10 days and splenectomy was
performed 3 days after the last injection. Spleen cells were fused
with mouse myeloma NS-1 cells at a ratio of 10:1 using polyeth-
ylene glycol (Mr 4 3 10
3) by the standard procedures (Ko¨hler and
Milstein, 1975). The hybridoma were plated in 96-well dishes in
hypoxanthine/aminopterin/thymidine medium and screened for
the production of specific antibodies to the purified native HSAP of
pI 5.1 by enzyme-linked immunosorbent assay with an ABC kit
(Vector Laboratories). Antibody-producing clones were obtained by
the limiting dilution technique and injected into the pristane
(Sigma)-treated mice for the production of ascites.
Immunohistochemistry
Mature unfertilized herring eggs, extruded from the urogenital
pores of females by gently pressing the abdomens, were collected
and their masses (about 10 eggs each) were fixed in Bouin’s
solution, dehydrated through a graded series of ethanol, cleared in
xylene, embedded in paraffin, and cut into 3-mm thickness. Imma-
ture ovaries were cut into small pieces (about 5 3 5 mm), fixed, and
treated in the same way as the mature eggs. The sections were
incubated with the antibody (1:5000 dilution of the ascites) in PBS,
pH 7.3, containing 0.05% Triton X-100 and 1% horse serum, for
12 h at 4°C and washed in the same buffer. The stained samples
were incubated with biotinylated anti-mouse IgG antibody for 1 h
at room temperature, washed with PBS, and further incubated with
the ABC kit for 1 h at room temperature. After several PBS rinses,
the sections were reacted with 0.05% 3,39-diaminobenzidine–
0.01% H2O2–50 mM Tris/HCl (pH 7.6) for 15 min and examined
under a light microscope after several PBS rinses.
Northern Blot Analysis
The herring liver and immature ovary were provided by Akkeshi
Station of the Japan Sea Farming Association 2 months before their
spawning season in Japan. Total RNAs were extracted from each of
them by the acid–guanidine thiocyanate–phenol–chloroform method
(Chomczynski and Sacchi, 1987) and blotted onto nylon membrane
(GeneScreen-Plus, DuPont) after being electrophoresed on formal-
dehyde-denatured agarose gels (Sambrook et al., 1989). The blot
was prehybridized for 4 h followed by hybridization for 24 h at 42°C
with 32P-labeled cDNA of the HSAP.
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In Situ Hybridization
A part of the coding region of the longer HSAP cDNA (nucleo-
tides 207–429 of O-11) was excised by NotI and BsmI and the
remaining portion of the cDNA (nucleotides 1–206) was subcloned
into pBluescript II (SK2) (Stratagene). 35S-labeled RNA probe was
transcribed with T7 RNA polymerase for the sense probe and T3
RNA polymerase for the antisense probe. The in situ hybridization
method used was that of Koibuchi et al. (1993). After hybridization,
the sections were washed and dipped in emulsion for 3 weeks at
4°C. After development, the sections were counterstained with
hematoxylin–eosin.
RESULTS
Isolation of HSAP cDNAs
Two sizes of cDNA clones were isolated from the her-
ring ovarian cDNA. The longer clone (O-11 in Fig. 1) was
479 nucleotides long containing a single open reading
frame of 316 nucleotides (nucleotides 1–316) and encoded
a polypeptide of 94 amino acid residues (Fig. 1A). The 5
HSAP species purified from the egg-conditioned medium
all lacked 21 amino acids (residues 1–21) from the
N-terminal portion of the deduced protein (Oda et al.,
1995), indicating that the additional N-terminal amino
acids obtained by molecular cloning constitute a signal
peptide which is characteristic of secreted proteins (von
Heijne, 1990). The HSAP encoded by the cDNA is, there-
fore, a secretory protein consisting of 73 amino acid (res-
idues 22–94). The isoelectric point and molecular weight
are estimated to be 5.13 and 8173 Da, which agree with
those of the HSAPs purified from the egg-conditioned
medium. Residues 22– 61 from the N-terminal portion of
the HSAP exactly matched the sequence at the
N-terminal portion of the purified HSAP of pI 5.1, except
for one amino acid residue, Pro25 instead of Gln (Fig. 1B).
In contrast to the HSAP of pI 5.1, another purified HSAP
(with a pI of 5.0) has proline in the corresponding posi-
tion. This is identical to the residue of the deduced HSAP
but the HSAP of pI 5.0 has arginine in the position of
Lys40 of the deduced HSAP (Fig. 1B). These results indi-
cate that the isolated clone encodes an HSAP which is
different from the HSAPs previously purified (Oda et al.,
1995).
The shorter cDNA clone (O-1 in Fig. 1A) was 418 nucle-
otides long and identical to the longer cDNA (O-11 in Fig.
1A) except that it lacks nucleotides 1–9 of O-11 and
nucleotides 17–53 of O-11, and has a point mutation at
nucleotide position 345 (C to T). It contains one open
reading frame-like sequence of 270 nucleotides long and
encodes the same amino acid sequence as that of the O-11,
but lacks an initiation codon.
HSAPs Are Homologous to Kazal-Type Trypsin
Inhibitors
The amino acid sequence of the HSAP, the signal
peptide of which is removed, showed a strong homology
FIG. 1. Nucleotide sequences of HSAP cDNAs and amino acid
sequence of the predicted open reading frame. (A) Nucleotide
sequences of the shorter cDNA (O-1, upper line) and the longer
one (O-11, lower line). The Kozak’s consensus initiation se-
quence (Kozak, 1984) which is present only in the longer cDNA
clone is boxed. The consensus sequence for poly(A) tailing
(AATAAA) is indicated with asterisks. The region corresponding
to the amino acid sequence at the N-terminus of the purified
HSAP of pI 5.1 is underlined. The EMBL accession numbers for
O-11 and O-1 are D89679 and D89680, respectively. (B) Com-
parison between the partial N-terminal amino acid sequences of
previously purified HSAP of pI 5.1 and 5.0 and the corresponding
sequence of the HSAP deduced from the isolated cDNA. Abbre-
viations for the amino acid residues are as follows: A, Ala; C,
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W,
Trp; and Y, Tyr.
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to those of mammalian acrosin inhibitors classified as
Kazal-type trypsin inhibitors (Fig. 2). In the Kazal-type
trypsin inhibitors, six cysteine residues and one aspara-
gine residue are conserved and considered to be impor-
tant in forming the characteristic three-dimensional
structures (Bolognesi et al., 1982; Papamokos et al., 1982,
bold printed in Fig. 2). All of these amino acid residues
are also present in the corresponding positions of the
HSAP (Cys10, 17, 25, 36, 39, 57, and Asn34) and the
homology with the bull acrosin inhibitor (BUSI-1 in Fig.
2) is calculated to be 55%.
HSAPs Are Globally Localized in the Outermost
Layer of Egg Chorion
To determine the localization of HSAPs in mature eggs,
monoclonal antibodies were raised against the purified
HSAP of pI 5.1, which at least react with three major
HSAPs (with pI’s of 4.9, 5.0, and 5.1), incubated with the
sections of mature unfertilized herring eggs, and exam-
ined. Immunoreactivity was evenly localized in the out-
ermost layer of the egg chorion which comprises three
major layers (Figs. 3A and 3B). The staining of the egg
chorion was abolished when the egg was stained with the
antibodies coincubated with the purified HSAPs (data not
shown). In C. pallasii, the chemotaxis of spermatozoa
into the micropylar opening was well known (Yanagima-
chi, 1957; Yanagimachi et al., 1992) and it had been
thought that the sperm-activating factor of C. pallasii
was localized near to the micropylar opening. The region
of the micropylar opening is visible in Fig. 3A (canal is
not seen) but there is no special staining around the
micropylar opening. In the vestibular depression of the
chorion, the immunoreactive outermost layer thinned
toward the micropylar opening and there was little stain-
ing around the opening, suggesting that the HSAPs are
not present around the micropylar opening. The immu-
nostaining of the egg cytosol in Fig. 3A is considered to be
due to nonspecific absorption of the antibodies because
such staining was also seen when egg cytosol was stained
with nonspecific antibodies to the HSAPs (Fig. 3C).
FIG. 3. HSAPs are localized in the chorion of mature unfertilized eggs. Transverse sections of a mature herring eggs were labeled with
anti-HSAP antibody (A, B) or nonspecific antibody (C). The chorion of the mature egg is composed of three major layers but only the
outermost layer is immunoreactive (brown color) (A, B). The nonstaining region of the micropylar opening is visible (arrow, A), but the
micropylar canal is not seen in this section, and the immunoreactivity is evenly present over the egg surface (A). Scale bars: 200 mm (A,
C), 50 mm (B).
FIG. 2. HSAP is homologous to Kazal-type trypsin inhibitors. Amino acid sequence of the deduced HSAP is aligned with those of bull
seminal plasma acrosin inhibitor (BUSI: Meloun et al., 1984), human seminal plasma acrosin inhibitor (HUSI: Fink et al., 1990), boar acrosin
inhibitor (BAI: Jona´kova´ et al., 1992), boar seminal acrosin inhibitor (BSI: Fritz et al., 1975), bovine pancreatic secretory trypsin inhibitor
(BPST: Greene and Bartelt, 1969), and human pancreatic secretory trypsin inhibitor (HPST: Bartelt et al., 1977). The residues of amino acids
conserved among the HSAP and the inhibitors are marked with asterisks. Conserved cysteines and arginine are in bold. Number of amino
acid residues of the HSAP are shown on the top of the figure.
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HSAPs Genes Are Expressed in Follicle Cells
during Oocyte Development
Since components of the egg chorion are synthesized both
in the ovary and the liver in fishes (Begovac and Wallace,
1989; Yamagami et al., 1992), the organ which expresses the
HSAPs gene was determined. Northern blot analysis
showed that no transcripts were present in the liver, but
three transcripts about 450, 500, and 1000 nucleotides long
were present in the ovary (Fig. 4A).The smaller two tran-
scripts were very abundant. The two abundant transcripts
probably correspond to the two kinds of isolated cDNA
clones.
To determine the cells which synthesize the HSAPs in
the ovary, the immature ovary was examined by two meth-
ods, in situ hybridization and immunohistochemistry. The
mRNA of the HSAPs was detected only in the follicle cells
surrounding the immature oocytes and no expression was
observed in the oocyte itself (Fig. 4B). In immature ovary,
immunoreactivity to the HSAPs was also detected only in
the follicle cells which surround the well-developed oo-
cytes, while the outermost layer of the egg chorion was not
immunoreactive (Figs. 4C and 4D). The follicle cells sur-
rounding very immature, small-sized oocytes were not im-
munoreactive (Fig. 4C).
DISCUSSION
Sperm activation by herring eggs at the time of fertiliza-
tion was first reported by Yanagimachi and Kanoh in 1953
and recently two proteins were purified that are responsible
for sperm activation: the HSAPs (Morisawa et al., 1992; Oda
et al., 1995) and the SMIF (Yanagimachi et al., 1992; Pillai
et al., 1993). Two modes of the activation have been
described: the chemokinesis in the vicinity of the egg
(Morisawa et al., 1992) and chemotaxis toward the micro-
pylar opening of the egg (Yanagimachi, 1957; Yanagimachi
et al., 1992). Since the SMIF are known to be localized in
the rim of the vestibular depression of the herring egg, the
SMIF is proposed to be responsible to sperm chemotaxis
toward the micropylar opening (Griffin et al., 1996) based
on the observation of sperm motility in the vestibular
depression (Yanagimachi et al., 1992). On the other hand,
the HSAPs are globally localized in the outermost layer of
the egg chorion but absent around the micropylar opening
as shown in this study (see Fig. 3). This seems inconsistent
with sperm chemotaxis, suggesting that the HSAPs are not
responsible for the sperm chemotaxis, but rather diffused
from the egg surface and participated in chemokinesis in
the vicinity of the herring egg as reported by Morisawa et al.
(1992). The HSAPs are small water-soluble acidic proteins
(about 8 kDa) in contrast to the SMIF which is a large basic
glycoprotein (105 kDa) that is tightly bound to the egg
chorion. The mRNAs of the HSAPs are too short to encode
a SMIF, strongly suggesting that the HSAPs are not a part of
the SMIF and the SMIF may be different proteins. We have
shown in this study that the abundant two types of mRNA
are shorter than 500 nucleotides and the longest mRNA
weakly expressed was only about 1000 nucleotides long.
The deduced HSAP has Pro25 instead of Gln of the
purified HSAP of pI 5.1 and Lys40 instead of Arg of the
purified HSAP of pI 5.0 (see Fig. 1B), indicating that the
deduced HSAP is different HASP from the previously puri-
fied HSAPs (Oda et al., 1995). These substitutions can be
attributable to one point mutation in codons (CAA to CCA
or CAG to CCG for Gln to Pro and AGA to AAA or AGG to
AAG for Arg to Lys). These substitutions strongly support
the hypothesis that the HSAPs constitute a family of
isoforms, although it is possible that this is a result of
alternative splicing. The SAPs of sea urchins also constitute
a family of isoforms, which includes more than 70 peptides
with slight differences in amino acid sequence (Suzuki,
1995). This is the case in the asterosap of starfish, where 12
peptides have been isolated (Nishigaki et al., 1996).
In situ hybridization and immunohistochemistry re-
vealed that the HSAPs are synthesized in the follicle cells
(see Figs. 4B, 4C, and 4D), and then released to the outer-
most layer of the egg chorion. Sea urchins SAPs are also
synthesized in the follicle cells (Suzuki, 1995). In contrast,
FIG. 4. HSAPs genes are expressed in the follicle cells during
oogenesis. Three sized transcripts (arrows on the right) were
visualized in the ovary but not in the liver by autoradiography (A).
The positions of 28S and 18S rRNAs are indicated on the left. In
immature ovary where ovulation was not completed, mRNAs of
HSAPs were localized by autoradiography in the follicle cells
which surrounded immature oocytes (B). The border of two oocytes
surrounded by the follicle cells is shown and silver grains are
localized in the follicle cell layers. Immunoreactivity against
HSAPs was also localized in the follicle cells and the outermost
layer of the chorion of immature oocyte was not immunoreactive
(C, D). The nonimmunoreactive outermost layers are marked with
asterisks in D. Scale bars: 50 mm (B, D), 100 mm (C).
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the sperm-activating and -chemoattractant factor in Ciona
is thought to be produced by egg itself (Yoshida et al., 1993).
Molecular cloning of the HSAP cDNA revealed that the
HSAPs are small secretory proteins which have a strong
homology with the Kazal-type trypsin inhibitors. The
Kazal-type trypsin inhibitor family contains pancreatic se-
cretory trypsin inhibitors (Greene and Bartelt, 1969; Bartelt
et al., 1977), ovomucoids (Bolognesi et al., 1982), and
mammalian acrosin inhibitors (Meloun et al., 1984; Fink et
al., 1990; Jona´kova´ et al., 1992; Fritz et al., 1975). In the
Kazal-type trypsin inhibitors, six cysteine residues, which
are correspond to Cys10, 17, 25, 36, 39, and 57 of the HSAP,
are very well conserved and form three intramolecular
disulfide bonds (Laskowski and Kato, 1980). The asparagine
residue, which corresponds to Asn34 of the HSAP, is also
well conserved and considered to have a function to be a
hinge of the molecule folded by the three intramolecular
disulfide bonds. These are common features of all of the
Kazal-type trypsin inhibitors (Papamokos et al., 1982; also
see Fig. 2) and suggest that the HSAPs have a conformation
similar to those of the Kazal-type trypsin inhibitors.
In mammals, acrosin inhibitors are the major member of
the Kazal-type trypsin inhibitors. They are well known to
be abundant in the seminal plasma (Zaneveld et al., 1974;
Fritz et al., 1975). Their biological function is not fully
understood yet, but it is certain that the acrosin inhibitors
possess some biological relevance to mammalian fertiliza-
tion. A proteinase inhibitors obtained from porcine follicu-
lar fluid increases the motility of porcine spermatozoa (Lee
et al., 1992; 1994; Jeng et al., 1993). The findings presented
here that an acrosin inhibitor homologue is implicated in
the regulation of sperm motility in fish can suggest a new
physiological function of proteinase inhibitors in fertiliza-
tion.
We found no similarity of the amino acid sequence nor
nucleotide sequences of cDNA between the HSAPs and the
SAPs of sea urchins (Ramarao et al., 1990; Suzuki, 1995) or
asterosap (Nishigaki et al., 1996). The findings that eggs of
fish and echinoderms release different peptides to activate
their spermatozoa and that a single mRNA of HSAP en-
codes a single HSAP, whereas a single mRNA of SAPs
encodes more than 10 peptide redundant (Ramarao et al.,
1990), suggest that sperm activation by egg in herring and
sea urchins was independently endowed in each phylum.
To compare the molecular mechanisms of sperm activation
in echinoderm and fish and to understand the evolution of
the sperm activation by egg in animal species, it will be
necessary to characterize the receptor for the HSAPs of the
herring spermatozoa and to clarify how the HSAPs regulate
the herring sperm motility.
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